Abstract Using Van Allen Probes Energetic Particle, Composition, and Thermal Plasma-Relativistic Electron-Proton Telescope (ECT-REPT) observations, we performed a statistical study on the effect of geomagnetic storms on relativistic electrons fluxes in the outer radiation belt for 78 storms between September 2012 and June 2016. We found that the probability of enhancement, depletion, and no change in flux values depends strongly on L and energy. Enhancement events are more common for ∼2 MeV electrons at L ∼ 5, and the number of enhancement events decreases with increasing energy at any given L shell. However, considering the percentage of occurrence of each kind of event, enhancements are more probable at higher energies, and the probability of enhancement tends to increases with increasing L shell. Depletion are more probable for 4-5 MeV electrons at the heart of the outer radiation belt, and no-change events are more frequent at L < 3.5 for E ∼ 3 MeV particles. Moreover, for L > 4.5 the probability of enhancement, depletion, or no-change response presents little variation for all energies. Because these probabilities remain relatively constant as a function of radial distance in the outer radiation belt, measurements obtained at geosynchronous orbit may be used as a proxy to monitor E ≥ 1.8 MeV electrons in the outer belt.
Introduction
Understanding the dynamics of the Earth's inner magnetosphere and particularly the radiation belts has been a long-standing goal for scientists. Despite recent advances, it is a problem far from being solved and is becoming a pressing matter, as our dependence on satellites increases day after day for positioning, communication, etc. The swift response of the outer radiation belt to geomagnetic storms and variations in solar wind conditions can lead to sudden increases in MeV electron fluxes. It has been well documented that among other factors, high-energy (MeV) electron can damage satellite components (Baker, 2000; Horne et al., 2013; Wrenn, 2009; Wrenn et al., 2002) . Therefore, understanding and predicting such responses is key to reducing the risks associated with space exploration.
MeV electron fluxes in the outer radiation belt can be enhanced, depleted, or not affected at all following a geomagnetic storm. Reeves et al. (2003) studied 276 geomagnetic storms and concluded that at geostationary orbit 53% resulted in enhanced fluxes of 1-3 MeV electrons, while 19% resulted in a depletion, and 28% of the events resulted in no change in flux (within a factor of 2). Similar results were reported by Turner et al. (2013) using Time History of Events and Macroscale Interactions during Substorms (THEMIS) data (58% enhancements, 17% depletions, and 25% no change), but some differences were reported by Zhao and Li (2013) . Using Solar Anomalous and Magnetospheric Particle Explorer (SAMPEX) data covering L shells between 2 and 7, Zhao and Li (2013) studied 119 storms and found that 40% of the events caused an enhancement of 2-6 MeV electrons, 20% of the events depleted the fluxed, and 40% of the storms produced almost no response. Regardless of the specific reason, this apparent discrepancy shows that the response of the radiation belts to geomagnetic storms is energy and L shell dependent.
Many others have statistically explored the response of the radiation belt to storm events, focusing on the influence of the solar wind driver (Borovsky & Denton, 2009 , 2010 Katus et al., 2015; Kim et al., 2015; O'Brien et al., 2001) , magnetospheric factors that can influence the response (Allen et al., 2015; Horne et al., 2007; Meredith, 2002; Summers et al., 1998 ), or both (see, e.g., Xiong et al., 2015 . Most of those studies agree that the causes for the different responses of the relativistic electron fluxes are unclear.
The launch of the Van Allen Probes (Mauk et al., 2012; Stratton et al., 2013) has opened new opportunities for understanding the dynamics of the Earth's radiation belts, considering case studies Pokhotelov et al., 2016; Reeves et al., 2013 Reeves et al., , 2016 Schiller et al., 2014; Usanova et al., 2014) , or multievent analyses Kilpua et al., 2015; Li et al., 2015; Shprits et al., 2017; Turner et al., 2015 Turner et al., , 2016 Zhao et al., 2017) . All these studies have provided more details about the physical mechanisms that drive the response of the radiation belt concerning enhancements (Schiller et al., 2014) , dropouts , acceleration events (Li et al., 2015) , and peak flux location , among other factors. In particular, regarding the response to geomagnetic storm events, Turner et al. (2015) performed a statistical analysis considering MagEIS data from 52 events that occurred during the first 30 months of the Van Allen Probes mission and found that relativistic ∼1.6 MeV electron fluxes were almost equally likely to get enhanced, depleted, or exhibit no change after geomagnetic storms, concluding that the present solar cycle may be less efficient at enhancing the outer belt relativistic electrons than the 1989-2000 cycle studied by Reeves et al. (2003) . However, a similar study considering ultrarelativistic electrons data from the Van Allen Probes Energetic Particle, Composition, and Thermal Plasma-Relativistic Electron-Proton Telescope (ECT-REPT) instrument has not been performed yet.
This article reports results from a statistical analysis on the effects of geomagnetic storms on relativistic electron fluxes in the outer radiation belt using data from the REPT instrument. In the next section we describe the data and methodology, and in section 3 we analyze and compare the flux values, their location before and after each event, and their relation with the magnitude of the storms. Finally, in section 4 we summarize and discuss the results.
Instrumentation and Data Analysis
To study the effect of storm events on the relativistic electrons dynamics in the outer radiation belt, we used Relativistic Electron-Proton Telescope (REPT) electron observations from the Energetic Particle, Composition, and Thermal Plasma (ECT) instrument suite on board the Van Allen Probes (Mauk et al., 2012) . From the REPT instrument data sets we considered Level 3 spacecraft spin-averaged electron differential fluxes data (∼11 s cadence) over the energy range from 1.8 MeV to >18.9 MeV, with 25% energy resolution from spacecraft A and B. For this study we computed pitch angle averages for each of the first six energy channels (1.8 MeV to 6.3 MeV) and by combining data from both spacecraft, we generated time and spatial averages, binning the data as a function of L shell (ΔL = 0.1 in units of the Earth's radius) and time (Δt = 4 h).
Storm events were selected considering the first 4 years of the Van Allen Probes mission (between September 2012 and June 2016) based on SYM-H values obtained from NASA/GSFC's OMNI data set through OMNIWeb. We used a criteria similar to those of Reeves et al. (2003) and Turner et al. (2015) . We consider only moderate or larger geomagnetic storm events, that is, time periods in which the SYM-H value drops below −50 nT (Gonzalez et al., 1994) . We have avoided cases in which two events overlap since in those cases it is difficult to correctly determine the beginning and end of each event. With those considerations, we obtained a list of 78 events. A full list of the events with their respective SYM-H minimum time is available in the supporting information.
To quantify the effect on the relativistic electron fluxes, we compare flux values measured before and after each geomagnetic storm. We define the "storm period" as the time interval between the sudden commencement, a fast increase of the SYM-H index (Kamide & Chian, 2007) when it is present, or the first noticeable drop in SYM-H index otherwise, and the moment in which the SYM-H has recovered to 80% of the minimum drop (see Figure 1 ). With this definition we avoid considering flux observations during the period of time containing the main phase and early recovery phase of each event. Then, similar to the Turner et al. (2015) criterion, we define the flux before the storm (in each L shell bin) as the maximum flux between 48 h prior to the storm and the start of the storm. Similarly, we define the flux after the storm as the maximum flux between the end of the storm and 48 h after the storm period.
Even though the REPT instrument was carefully designed to work in the hostile environment of the radiation belts , the data are not free of a certain background due to proton contamination, cosmic rays, etc. As flux measurements can be relatively low especially for high energies, the instrument background can have an important impact on results and the classification of a storm as enhancement, depletion, or no-change response event. As shown by Claudepierre et al. (2015) , for MeV electrons the background becomes relevant at very low L shells and also at large L shells when the flux is low (flux ∼ 10 1 cm −2 s −1 sr −1 MeV −1 or lower). Thus, following the results of Claudepierre et al. (2015) , to avoid nonphysical effects in the statistics, we set a threshold of J min = 5 × 10 1 cm −2 s −1 sr −1 MeV −1 for all energy channels. All flux values lower than J min were considered background and were excluded.
To statistically analyze the response of relativistic electrons to geomagnetic storm activity, we compared the relative change in flux due to each storm computing r f (L, E) as the ratio of the flux before and after the storm at each L shell bin and in each energy channel E. Following previous studies (e.g., Reeves et al., 2003; Turner et al., 2015) we group the results as enhancement, depletion, or no change if r f is greater than 2, less than 2, or 2 ≤ r f (L, E) ≤ 2, respectively. In the case of energy channels and L shell bins with below background data, for the prestorm and poststorm fluxes comparisons and analysis, the criteria were the following: if prestorm and poststorm fluxes were above threshold, the event was included and cataloged as enhancement, depletion, or no change as usual; if prestorm and poststorm fluxes were below background, the event was excluded; if prestorm flux was below the threshold, but poststorm flux was at least twice the threshold value, the event was considered an enhancement; finally, if prestorm flux was at least twice the threshold and the poststorm was only background, the event was considered a depletion.
For further analysis, considering all valid events for each energy channel, we also computed the L shell with the flux peak before and after the storm, to see if there is any correlation between the strength of the storm (minimum SYM-H index) and the radial location of the electrons, and whether such correlation depends on the energy of the particles.
Results
A closer look at Figure 1 shows that labeling an event as an enhancement or depletion is not a straightforward task. A single event can have more than one reading depending at what energies and/or L shells we considered. For example, the 8 May 2016 storm event (Figure 1 , left) produced enhancements in all energy channels at L > 4.0, so we consider it as an enhancement event. The situation is not as clear with the 1 June 2013 event (Figure 1, middle) . We consider it a depletion event because the storm resulted in a depletion for all energy channels at L > 4. However, at the same time the storm produced a noticeable change in the E = 2.1 MeV electrons channel for L < 3.0. A more complex behavior occurred during the 14 November 2012 storm (Figure 1,  right) , in which E = 2.1 MeV electrons were enhanced at L > 4.0 and depleted at L < 4.0. Moreover, 3.4 MeV top to bottom, probability of occurrence of enhancements, probability of occurrence of depletions, probability of occurrence of no-change events, and number of valid event, respectively, at each energy and L shell bin. Each L shell value and energy channel is treated independently and not as a whole event. In right panels all bins containing too few events appear marked in white.
electrons at L ∼ 3.2. Moreover, 2.1 MeV fluxes underwent a depletion at 3.5 < L < 4.0 and did not suffer any notable change between L ∼ 4.0 and L ∼ 5.0. The same complex behavior applies for most of the events (not shown). To address this difficulty, we consider slices in L to determine the belt response. Therefore, an event can contain enhancement, depletion, and no-change regions. We will also consider the maximum flux regardless of L location to get a feeling of the general response.
Considering all 78 events, energies, and L shell values, Figure 2 (left column) summarizes the effect of the storms on ≥1.8 MeV electrons showing, from top to bottom, the number of enhancements, depletions, no-change events, and number of valid events, respectively at each energy and L shell bin. The figure shows that at any given L shell the number of enhancement events decreases with increasing energy and that at fixed energy in general the number of enhancements is larger at large L shell and decreases for smaller L shells, with a maximum of 38 enhancement events at L = 5.0 for the E = 1.8 MeV channel. This behavior is consistent with the results reported by Reeves et al. (2016) considering electron fluxes at lower energies. They concluded that each enhancement event seems to have an upper energy limit for the acceleration or energization of the particles. Figure 2 (left column) also indicates that there were more depletion (38 events) of E ∼ 3.4 MeV electrons at L = 4.0 and that and the maximum number of no-change events (52) occurred at L = 3.3 for E = 2.6 and 3.4 MeV fluxes. Finally, the figure shows that as the energy increases, the number of valid events decreases when the L value departs from L = 4.5, indicating that the outer belt is more narrow for higher energies (E > 3 MeV).
Another way to statistically analyze the results is to compute the percentage of occurrence of each kind of event. This provides information about the probability of occurrence of a storm event to enhance, deplete, or produce no response of the outer belt MeV electron fluxes. Considering the total number of valid events at each energy and L shell bins, Figure 2 (right column) shows the probability of enhancement (top), depletion (middle), or no-change (bottom). From the figure we can see that enhancements are more probable at higher energies and that at a given energy the probability of an enhancement in general increases with increasing L shell. In particular, the maximum probability of enhancement occurs at high energies and large L shells, with a maximum probability of enhancement of 67% for 5.2 and 6.3 MeV electrons at L = 5.5 and L = 4.3, respectively. A similar behavior is observed for fluxes at energies up to 4.2 MeV which exhibit probabilities of enhancement larger that 38% for all L ≥ 4.5, with the largest probability values at L ∼ 5. It is important to mention that, as the number of valid events decreases with increasing energy at certain L shells, to avoid low number statistics for enhancement, depletion, or no-change events, we considered only the energy L bins with at least 19 valid events (roughly the 25% of the total number of events). All bins containing too few events were not considered and appear marked in white in Figure 2 (right column).
For depletions (Figure 2 , right middle), the energy dependence radial profile are quite different. The fluxes at E = 1.8 MeV were depleted in less than a third of the events at all L shells, with a maximum probability of 33% at L = 3.5 and L = 5.1. For 2.1 and 2.6 MeV the probability of depletion slightly increases with increasing energy but remains always lower than 40%, with larger values at L > 5. In contrast, the fluxes for the 3.4, 4.2, and 5.2 MeV channels were depleted in more than a third of the events for all 3.6 < L < 5.9, 3.5 < L < 4.9, and 3.5 < L < 4.3,respectively, with a maximum probability between 46% and 54% at the heart of the outer belt (L ∼ 4.0) and the inner edge of the belt (L ∼ 3.6). Similarly, for 6.3 MeV electrons, probability of depletion is larger than 40% at L ∼ 3.7 and decreases to less than 28% at larger L shells.
Finally, no-change response events (Figure 2, bottom) are more frequent at low L < 3.5 shells, near the so-called slot region, in which relativistic electrons are not likely to be observed (see, e.g., Baker et al., 2014) . The peak occurrence of no-change events corresponds to almost 80% for the 3.4 and 4.2 MeV channels. For all energies the probability of no response decreases with increasing L shell and energy. In addition, less than a quarter of the events produced no noticeable changes at L > 4.7, meaning that the outer part of the belt is very likely to be affected by storms.
As Figure 2 shows the general response of the outer radiation belt to storm events, it does not provide information about the location of the peaks in flux before and after each event, whether it was relocated radially inward or outward, the energy dependence of this motion and what kind of response (enhancement, depletion, or no change) is more likely to produce a new belt closer or farther away from the Earth. Figure 3 shows two aspects of the response of electron fluxes at three representative energy channels: E = 2.1 MeV (left column), E = 3.4 MeV (middle column), and E = 5.2 MeV (right column). For these three energies Figure 3 (top row) shows the peak flux value after the storm against the peak flux before the event, marking no-change events in black, enhancement in red, and depletions in blue. We observe that regardless of the radial location, in most events that produced a depletion (blue squares) the flux after storm is about 1 order of magnitude smaller than the flux before. In contrast, for enhancements, the relative gain in flux due to a storm was usually larger than 1 order of magnitude (up to 3 orders of magnitude), consistent with previous results by Reeves et al. (2003) and Turner et al. (2015) . In other words, in general, enhancements are usually much more pronounced than depletions. Figure 3 (top row) also shows that although infrequent, enhancements tend to be more pronounced for higher energies, suggesting that several mechanisms for the energization of particles can play a role during storms and that those mechanisms are energy dependent. In addition, to quantify the radial motion of the outer radiation belt, Figure 3 (bottom row) shows how the L shell for the peak flux was transported due to each storm. From the figure we observe that for the E = 2.1 MeV channel there is no correlation between the peak flux location before and after the storm nor a clear relationship between the radial transport of the radiation belt for any of response type (enhancement, depletion, or no change). However, as the energy of the particle increases (Figures 3,middle column and 3, right column), it becomes clear that for enhancements the peak flux moves from smaller to larger L shells, storms that produce depletions result in an outer belt closer to the Earth and that the peak flux tends to remain at the same L shell for events in which there is no response from the electron fluxes, particularly when the peak flux before the storm is located at L < 4.0.
To further quantify this issue, we compared the peak flux location after each event with the minimum SYM-H index reached during the storm. For the sake of clarity we separate enhancements (top) and depletion or no-change events (bottom) in Figure 4 . We observe that for enhancements, there is a correlation between L shell and SYM-H, in which more intense storms tend to move the radiation belt toward the Earth, a process that appears to be energy independent. In the same figure we overlap (black line) the model proposed by Tverskaya et al. (2003) that predicts an inverse relation between the minimum Dst and the L with the peak flux, which seem to be in good agreement with these new Van Allen Probes observations. For depletions and no-change events, however, there is no such correlation for any energy.
Discussion and Conclusions
We used ECT-REPT/Van Allen Probes data sets to statistically study the effect of geomagnetic storm events in the relativistic electron fluxes observed in the outer radiation belt. Considering storms that occurred between September 2012 and June 2016, we found that the probability of producing an enhancement, depletion, or no change in flux values after each storm highly depends on L and energy.
Statistical results for E ∼ 1.8 MeV electrons are particularly interesting at L = 6, because they can be directly compared with similar studies, as Reeves et al. (2003) and Turner et al. (2015) . For this energy range, and L shell, we obtained 45%, 32%, and 23% probability of enhancement, depletion, or no-change response, respectively. These results are quite similar to the 53%, 19%, and 28% obtained by Reeves et al. (2003) analyzing 276 storm events between 1989 and 2000, and somewhat different with the 39%, 26%, and 35% probabilities obtained by Turner et al. (2015) considering 52 events between 2012 and February 2015. It is important to note that compared to the latter number our collection of events includes the rest of the year 2015 that was particularly active. This leads us to believe that our results differ somewhat from previous studies because of an unclear dependence on solar cycle phase and that considering hundreds of events may lead to results closer to the ones reported by Reeves et al. (2003) . Considering all energies, the possible effects seem to depend on the storm magnitude but there is a rich variety of possible outcomes with a complex dependence on L shell, energy, and storm magnitude. In general, the number of enhancement events decreases with increasing energy at any given L shell, being more common for ∼2 MeV electrons at L ∼ 5, and continuing the trend reported by Reeves et al. (2016) for lower energies. However, considering the percentage of occurrence of each kind of event, we found that an enhancement is more probable at higher energies and that at a given energy the probability of enhancement in general increases with increasing L shell. The probability of depletion increases with increasing energy and decreasing L shell up to L ∼ 3.5, with a maximum percentage of depletion for E ∼ 4-5 MeV electrons at the heart of the outer radiation belt. No-change events occur more frequently at L < 3.5 for E ∼ 3 MeV particles. For lower energies less than a quarter of the storms were tagged as no-change events at L > 4.7.
As mentioned earlier in section 1, previous studies agree that the particular causes for the response of the outer belt remain unclear. Our statistical results suggest that different mechanisms depending on L shell are responsible for the fast flux dropouts during the main phase of the storm and refill the outer belt with relativistic electrons during the recovery phase, at higher energies than have previously been explored over this range of L values. Even though the determination of the physical reasons for losses, acceleration, and transport of the particles during each storm event is beyond the scope of this work, our results may be used by the community to test different models and mechanisms for the acceleration and losses of E ≥ 1.8 MeV electrons at different L shells and energies.
For example, at large L the rapid losses may be due to magnetopause shadowing of all the particles (energy independent), but pitch angle diffusion due to wave-particle interactions may cause losses at low L (see, e.g., Bortnik et al., 2006) . In addition, for the recuperation and relocation of the relativistic electrons, possible mechanisms are resonant wave-particle interactions (Li et al., 2015; Thorne et al., 2013) and ULF waves diffusion Su et al., 2015) , among others. There is still so many open questions in this field, and we expect to increase the scope of this work with a follow up paper in the near future.
In summary, the outer part of the belt is very likely to be affected by storms but not all storms are capable to affect the relativistic electrons in the inner edge of the belt, in which the overall effect of the storm seems to be more energy and L dependent. Figure 5 shows the probability of enhancement (red), depletion (blue), and no change (black) as function of L shell for three different energy channels: 2.1 MeV (square), 3.4 MeV (diamond), and 5.6 MeV (asterisk). It is clear from the figure that there is a "penetration effect," that is,
